INTRODUCTION
============

The adhesion of the contemporary dentin bonding agents is essentially micromechanical in nature. It is the result of the resin monomer infiltration into the demineralized collagen network and their polymerization *in situ.* This interaction forms a new micromorphologic structure referred to as a hybrid layer or interdiffusion zone.[@b1-dent6_p0349]--[@b2-dent6_p0349]

A fundamental condition for the formation of the hybrid layer is the maintenance of the dentin organic matrix hydrated after demineralization, which supports the expansion of the collagen fibrils and preserves the integrity of the interfibrillar spaces. This disposition is compatible with the bonding process, since it allows an appropriate infiltration of the resin monomers and may be achieved through the application of the total-etch wet-bonding technique associated with resin monomers dissolved in non-aqueous organic solvents or an aqueous solution of hydrophilic primers.[@b3-dent6_p0349] Alternatively, the self-etch bonding technique uses acidic monomers that combine tooth surface etching and priming in a single procedure, minimizing the risk of technical imperfections.[@b4-dent6_p0349]

When the dentin is demineralized by means of the wet-bonding technique, there is a substantial reduction in the mechanical properties of the remaining structure,[@b5-dent6_p0349] particularly when the collagen network remains expanded in the aqueous medium.[@b6-dent6_p0349]--[@b7-dent6_p0349] This condition of transitory fragility is partially reversed with the infiltration of resin monomers inside the collagen network, as originally demonstrated in an experimental macro-model of the hybrid layer[@b5-dent6_p0349] and a hypothetical device.[@b8-dent6_p0349] The results of these studies demonstrated a positive correlation between the ultimate tensile bond strength of the adhesive resin and that of the resin-infiltrated demineralized dentin, suggesting that stronger resins may result in hybrid layers that are more resistant to mechanical efforts.

Based on these evidences, a tendency exists to incorporate inorganic fillers in adhesive systems in the attempt to improve the bonding effectiveness. Initially, the fillers used were micrometric sized. However, they are much larger when compared with the interfibrillar spaces of the demineralized dentin,[@b9-dent6_p0349] which have been reported to be about 12 nm in width.[@b10-dent6_p0349] So, the fillers were normally distributed in the adhesive layer and around the tubular orifices at the bonding interface, but not inside the hybrid layer.[@b9-dent6_p0349]

With the progressive development of the dentin bonding agents, an innovative simplified-step adhesive, Prime & Bond NT (Dentsply, Caulk, Milford, OF), was introduced that incorporates the use of inorganic fillers comprised of fumed silica with primary particles of nanometric dimensions. Even with the reduced primary particle size of 7nm, the nanofillers did not infiltrate the collagen network of the etched dentin.[@b11-dent6_p0349] On a nanometric scale, nanofillers have the natural tendency to aggregate/agglomerate, forming micrometric electro-dense clusters that are larger than the interfibrillar spaces.[@b11-dent6_p0349] As a result, the strengthening of the hybrid layer claimed by the manufacturer was not observed and the resulting bond strength was described as being at the same level as other simplified-step adhesives without nanofillers.[@b12-dent6_p0349]--[@b13-dent6_p0349]

More recently, a new simplified-step adhesive, Adper Single Bond 2 (3M ESPE Dental Pruducts Division St. Paul, MN, USA) was introduced. This adhesive contains nanofillers of silica with 5nm-size. The nanoparticles are treated *in situ* with a silane stabilizing agent during manufacture. According to the manufacturer, the improvement in the technology used for surface treatment of the nanofillers provides higher stability and avoidance of aggregation/agglomeration. This way, the nanofillers could remain uniformly dispersed and would be able to infiltrate the interfibrillar spaces.

As little information is available on this topic, the aim of the present study was to investigate the interaction morphology and bond strength of four simplified-step adhesives applied to acid etched dentin: two of them with nanofillers, one with microfillers and the other one without fillers (control). The tested hypothesis was that there is no significant difference between the filled and the unfilled adhesives evaluated regarding the interaction morphology and bond strength to dentin.

MATERIALS AND METHODS
=====================

Thirty-three caries-free, human third molars were collected according to the local Institutional Review Board (\# 073/2007), with the informed consent of the donors. They were stored in a 1% chloramine T solution at 4°C and used within one month following extraction.

Bonding Procedures
------------------

The three simplified-step filled adhesives examined were OptiBond Solo Plus (OS), Prime & Bond NT (NT) and Adper Single Bond 2 (SB2). In addition, the simplified-step unfilled adhesive Adper Single Bond (SB) was used as a control. The components, batch numbers and manufacturers' recommended protocols of the tested adhesives employed are summarized in [Table 1](#t1-dent6_p0349){ref-type="table"}. Prior to bonding procedures, the exposed middle dentin surfaces were wet-polished with 600-grit silicon carbide paper under running water to create a standard smear layer. The 35% phosphoric acid with silica thickener (ScotchBond™ Etchant, 3M ESPE Dental Products, St. Paul, MN) was used to etch the dentin surfaces. After that, the adhesives were applied following the respective manufactures' instructions ([Table 1](#t1-dent6_p0349){ref-type="table"}) and light-cured using a quartz-tungsten-halogen curing unit (XL 3000 - 3M ESPE) with a power density of 600 mW/cm^2^.

Microtensile Bond Testing
-------------------------

Five teeth were used. After removal of the occlusal enamel and the roots, each tooth received two longitudinal sections perpendicular to each other (mesiodistally and buccolingually) in order to produce four quarters using a diamond-impregnated disk (Extec, Enfield, CT, USA) under water cooling in a specific cutter machine (Isomet 1000, Buehler, Lake Bluff, IL, USA). After that, the dentin surface of each quarter from the same tooth was individually treated with one of the adhesives evaluated. Subsequently, three 2-mm-thick increments of a resin composite (Filtek™ Z250, 3M ESPE) were built up on each bonded surface and individually light-cured for 20 s, constituting a crown of 6.0 mm in height. The restored tooth-quadrants were stored in distilled water at 37°C for 24 h. After this period of storage, they were serially sectioned in a longitudinal direction into 0.8-mm-thick slabs, using a diamond saw. Each slab was further sectioned to produce bonded specimens or sticks of approximately 0.8 mm^2^ in cross-sectional area. The sticks were individually fixed to a custom-made testing jig (Geraldeli's device)[@b14-dent6_p0349] with a cyanoacrylate glue (Model Repair II Blue, Dentsply-Sakin, Japan) and subjected to tensile load at a crosshead speed of 0.5 mm/min until failure (Instron 4411, Instron Corporation, Canton, MA, USA). After testing, the dentin and composite sides of the failed specimens were sputter-coated (40 mA for 120 s) with gold/palladium (SCD 050; Balzers, Schaan, Leichtenstein) and examined through scanning electron microscopy (SEM) (JSM 5600LV; JEOL, Tokyo, Japan) with 85x magnification, operating at 15 kV, high vacuum and secondary electron mode. No pre-testing failures occurred. Failure modes were classified in one of the four following categories:[@b15-dent6_p0349] type I: cohesive failure in the adhesive; type II: cohesive failure in the dentin; type III: cohesive failure in the hybrid layer; and type IV: mixed failure: cohesive in the adhesive and hybrid layer. In cases of uncertainty, examination under higher magnifications (1500--3000x) was performed in order to confirm the nature of the failure. Statistical differences between the mean bond strength of the four bonding systems tested were submitted to one-way ANOVA and Tukey's HSD post-hoc test, at a pre-set alpha of 0.05. The statistical unit was beams, not teeth.

Scanning electron microscopy and energy-dispersive X-ray
--------------------------------------------------------

Sixteen teeth were used, randomly divided into four groups. The roots were severed along the cement-enamel junction using a diamond-impregnated disk under water cooling, followed by the removal of the occlusal enamel through a second parallel section. Two discs, of 1 mm (± 0.5) in thickness, were prepared by means of two parallel sections of the remaining coronary portion. The same adhesive system was applied to the adjacent dentin-surfaces. The discs were laminated into disc-pairs using a thin layer of the flowable composite FilteK Flow (3M ESPE), according to the sandwich-technique first described by Inokoshi et al.[@b16-dent6_p0349] The dentin-resin-dentin sandwiches were light-cured for 160 s in four different directions and stored in distilled water at 37°C for 24 h. Following that, each sandwich was mesio-distally sectioned to produce 4 resin-dentin bonding interfaces for evaluation. Common procedures were employed to specimen preparation for SEM examination of the bonding regions, including demineralization in 50% phosphoric acid for 5 s, deproteinization by immersion in 10% NaOCl for 15 min, dehydration in ascending ethanol series (20%, 30%, 40%, 50%, 70%, 90% and 100% for at least 20 min per step) and immersion in hexamethyldisilazane (HMDS) for 10 min.[@b17-dent6_p0349] After chemical dehydration, half of the processed bonding interfaces were sputter coated (40 mA for 120 s) with gold/palladium (SCD 050; Balzers) in order to examine the resin-dentin interfaces in a SEM (JSM 5600LV; JEOL) operated in high vacuum and secondary electron mode. The other half of the processed bonding interfaces were submitted to carbon evaporation (SCD 050; Balzers) for energy-dispersive X-ray (EDS) analysis using a SEM (JSM 5600LV; JEOL) equipped with an X-radiation detector EDS (Voyager, Noran Instruments), operated in low vacuum and backscattered electron mode. This EDS equipment contains an ultra-thin Norvar window and works with a Windows NT-based (Vantage) digital micro-analysis system. A qualitative and semi-quantitative elemental analysis was performed in four different points of each specimen (point 1 -- adhesive layer; point 2 -- hybrid layer; point 3 - initial portion of the resin tag; point 4 - medium third of the resin tag). The working distance (WD) was 20 mm and the accelerating voltage was 15 kV for both SEM and EDS analysis. A schematic representation of the specimens' preparations is showed in [Figure 1](#f1-dent6_p0349){ref-type="fig"}.

Transmission electron microscopy
--------------------------------

Twelve teeth were used. The occlusal enamel was removed to expose a flat of middle dentin. After the bonding procedures were performed, a thin layer (0.5mm-thick) of flowable composite (Protect Liner F, Kuraray Medical Inc., Tokyo, Japan) was applied to the top of the adhesive layer. The resin-dentin bonding interfaces were exposed and processed according to the protocol previously described by Tay et al[@b11-dent6_p0349] The resulting epoxy-resin embedded, 90nm-thick nondemineralized unstained sections, were examined by means of transmission electron microscopy (TEM) (EM10 Zeiss, Oberkochen, Germany) operating at 80 kV.

RESULTS
=======

Bond strength results and failure analysis
------------------------------------------

The means and standard deviations (SD) of the microtensile bond strength (μ-TBS) test for the adhesives evaluated are presented in [Table 2](#t2-dent6_p0349){ref-type="table"}. No significant differences were found between the results of SB, OS and NT (P\>.05). The μ-TBS mean value of SB2 was significantly higher than those obtained for the other adhesives (P\<.05).

The failure pattern distribution (%) as analyzed by SEM can be observed in [Figure 2](#f2-dent6_p0349){ref-type="fig"}. There was a predominance of the type IV failure mode for the adhesives tested. SB2 presented the smallest percentage of the type III failure mode and the largest incidence of the type I failure mode. All of the adhesives evaluated showed similar percentages of the type II failure mode.

Scanning electron microscopy and energy-dispersive X-ray analysis
-----------------------------------------------------------------

Representative SEM micrographs of the bonding region of the adhesives studied are illustrated in [Figure 3](#f3-dent6_p0349){ref-type="fig"}, where authentic hybrid layers about 5 μm-thick were observed. The bonding region of SB ([Figure 3a](#f3-dent6_p0349){ref-type="fig"}), OS ([Figure 3b](#f3-dent6_p0349){ref-type="fig"}) and NT ([Figure 3c](#f3-dent6_p0349){ref-type="fig"}) showed similar micromorphological aspects, characterized by uniform hybrid layers and resin tags distributed along the interface. [Figure 3d](#f3-dent6_p0349){ref-type="fig"} illustrates the granular aspect of the hybrid layer formed by SB2. Circular formations, which probably represent a grouping of the polialkenoic acid molecules, could be identified in the adhesive layer. Another particularity of this bonding region was the presence of round grains in the medium third of some resin tags.

A qualitative and semi-quantitative elemental analysis of a point selected at the bonding region formed by the adhesive systems is shown in [Figure 4](#f4-dent6_p0349){ref-type="fig"}. Carbon, evaporated to coat the specimens, was always present. [Figure 4a](#f4-dent6_p0349){ref-type="fig"} shows a representative elemental distribution of the selected point 2 at the bonding region formed by SB. Calcium and phosphorus were primarily detected. Chlorine and oxygen were identified in reduced amounts. As was expected, other chemical elements, which could suggest the presence of inorganic filler, were not detected in any of the other selected points.

The chemical elements calcium and phosphorus were predominant in the initial portion of the resin tags of the bonding region formed by OS ([Figure 4b](#f4-dent6_p0349){ref-type="fig"} - selected point 3). Chlorine and oxygen were minimally identified. Despite the low vacuum used for the EDS analyses do not provide images of high resolution, some micrometric white structures could be observed within the adhesive layer and at the initial portion of the resin tags. The detection of silicon in these regions (selected points 1 and 3) suggests that these structures are the microfillers of the adhesive. However, silicon was not detected in the hybrid layer (selected point 2) and in the medium third of the resin tag (selected point 4), suggesting that the microfillers didn\'t infiltrate within collagen network nor overstep the initial portion of the resin tags.

Calcium and phosphorus were predominant at the hybrid layer formed by NT ([Figure 4c](#f4-dent6_p0349){ref-type="fig"} - selected point 2). Sodium and oxygen were minimally identified. No silicon signal was detected in the hybrid layer (selected point 2). Silicon signal was detected in the adhesive layer (selected point 1) and resin tag (selected point 3 and 4), suggesting the presence of nanofillers in these regions.

The selected point 2, located at the hybrid layer formed by SB2, was predominantly constituted of calcium, followed by phosphorus ([Figure 4d](#f4-dent6_p0349){ref-type="fig"}). Sodium and oxygen were minimally identified. Besides the selected point 2, silicon was detected in the other three selected points, suggesting the presence of nanofillers fillers inside the hybrid layer and resin tags.

Transmission electron microscopy analysis
-----------------------------------------

Representative TEM micrographs of nondemineralized unstained sections from the bonding regions formed by the adhesive systems evaluated are illustrated ([Figure 5](#f5-dent6_p0349){ref-type="fig"}). [Figure 5a](#f5-dent6_p0349){ref-type="fig"} shows the bonding region of SB. A hybrid layer of approximately 5μm-thick and resin tags could be identified. Some round formations, which probably represent the grouping of the polialkenoic acid molecules, were observed in the adhesive layer.

The bonding region formed by OS is illustrated in [Figure 5b](#f5-dent6_p0349){ref-type="fig"}. The hybrid layer exhibits, approximately 5μm of thickness. Microfillers could be discerned in the adhesive layer and at the initial portion of the dentinal tubules, forming particle-reinforced resin tags. However, these particles were not present in the interfibrillar spaces of the hybrid layer, which were only infiltrated by the resin monomers of the adhesive.

[Figure 5c](#f5-dent6_p0349){ref-type="fig"} shows the bonding region formed by NT. The adhesive layer is characterized by the presence of nanofillers. They penetrated some of the exposed tubules, composing reinforced resin tags. The hybrid layer presents approximately 5μm of thickness, where nanofillers were not observed. The dentinal tubules are also affected by the hybridization process, forming funnel-shaped, hybridized tubular walls. There was a tendency of the nanofillers to aggregate/agglomerate, forming electron-dense micrometric structures called clusters. These structures could be observed within the adhesive layer and were concentrated in dentinal tubules.

The interaction of SB2 with dentin is illustrated in [Figure 5d](#f5-dent6_p0349){ref-type="fig"}. The hybrid layer was approximately 5μm thick. Some globular structures, similar to those found in SB analysis and thought to be grouping of the methacrylated-polyalkenoic acid molecules, were identified in the adhesive layer. Nanofillers were uniformly distributed throughout the entire extension of the adhesive layer, hybrid layer and in the dentinal tubules. The concentration and distribution of nanofillers inside dentinal tubules and in the adhesive layer are similar and higher than those observed in the hybrid layer, where the nanofillers were intermixed with a collagen matrix network. At higher magnifications ([Figure 6a](#f6-dent6_p0349){ref-type="fig"} and [6b](#f6-dent6_p0349){ref-type="fig"}), it was possible to better distinguish the nanofillers dispersed within the collagen fibrils. Some micrometric structures, probably silica particles used as thickener for the phosphoric acid etchant, were retained at the top of the hybrid layer.

According to these results, the hypothesis tested is rejected. The adhesives evaluated showed particular interaction morphology with dentin, and the bond strength of SB2 was significantly higher than that of obtained by the other materials.

DISCUSSION
==========

The bonding systems evaluated were considered effective, forming authentic hybrid layers ([Figure 3](#f3-dent6_p0349){ref-type="fig"} and [5](#f5-dent6_p0349){ref-type="fig"}). Similar results were described in previous studies,[@b18-dent6_p0349]--[@b21-dent6_p0349] what contributes to fundament the clinical indication of the simplified-step adhesives evaluated.

The analysis of the μ-TBS results showed that OS, NT and SB had no statistical differences. These data attest that the presence of microffilers in OS and nanofillers in NT did not determine superior μ-TBS to dentin. Using similar methodology, other authors[@b12-dent6_p0349], [@b22-dent6_p0349]--[@b23-dent6_p0349] also obtained similar bond strength values among adhesives with/or without filler. However, the present study showed that SB2, which only modification in relation to its predecessor (SB) was the incorporation of nanofillers ([Table 1](#t1-dent6_p0349){ref-type="table"}), reached significantly higher bond strength compared with the others adhesives evaluated ([Table 2](#t2-dent6_p0349){ref-type="table"}). On the other hand, similar influence of the nanofillers in terms of the bond strength was not verified by Nunes et al[@b13-dent6_p0349] These authors obtained statically similar mean bond strength values between NT and an experimental version without nanofillers. They still described that the incorporation of microfillers to compose a modification of SB resulted in significant reduction of the bond strength in comparison with the original adhesive. Due to these antagonistic results, it was evident that the incorporation of fillers in simplified-step adhesives can influence the bond strength to dentin only under special conditions. Furthermore, the mechanism that establishes this control is determined, probably, by the characteristics of the fillers and their interaction with dentin.

To better understand the action of the inorganic fillers in this process, the chemical elements that compose the resin-dentin interfaces were assessed using SEM/EDS. In a general way, the fillers of the adhesives were not clearly distinguished with SEM/EDS analysis that operates in low vacuum mode and carbon coated specimens, resulting in images with modest definition. However, it is relevant to emphasize that the EDS analysis using SEM allows a more reliable microanalysis of the resin-dentin interface in comparison to the EDS analysis performed by TEM. In this case, the detection of Si could be questioned, since the elemental mapping of the polymerized sections of epoxy resin used for laboratory embedding procedures for TEM examination could reveal the presence of Si.[@b11-dent6_p0349] As the epoxy resin infiltrates into spaces that were depleted following the laboratory dehydration of the specimens, the detection of Si could be due to the presence of the epoxy resin and not from the structure analyzed, which would disqualify the results.

The detection of expressive amounts of calcium and phosphorus in the hybrid layers formed by the adhesives SB, NT and SB2 ([Figure 4a](#f4-dent6_p0349){ref-type="fig"}, [4c](#f4-dent6_p0349){ref-type="fig"} and [4d](#f4-dent6_p0349){ref-type="fig"}), and at the initial portion of the resin tag of the adhesive OS ([Figure 4b](#f4-dent6_p0349){ref-type="fig"}), was expected and observed. These chemical elements form the apatite crystals, which are the primary inorganic components of the dentin.[@b24-dent6_p0349] They were identified due to their permanence in some regions of the dentin that were not completely devoid of the minerals, even after the phosphoric acid etching. Furthermore, an insoluble calcium phosphate complex may remain in the tissue even after the water rinsing of the etching agent. Especially for OS and NT, the detection of phosphorus in its bonding regions can also be attributed to the organic composition of these materials. The phosphate monomers glycerol phosphate dimethacrylate (GPDM) and dipentaerythritolpentaacrylate monophosphate (PENTA) are present in the composition of OS and NT, respectively. The chemical elements sodium, oxygen, and chlorine, which were revealed in some of the analyses, may represent residues of the sodium hypochlorite (NaOCl) solution, used as a deproteinization agent to remove the organic phase of the specimens during its processing for EDS analysis. Carbon, employed to cover the specimens and provide electronic conductance for the elemental analysis using SEM, was present in each of the analyses ([Figure 4](#f4-dent6_p0349){ref-type="fig"}). The presence of other chemical elements at the resin-dentin interfaces should not be disregarded. Probably, they were present in such low concentrations that they could not be identified in this process.

To complement the study of the resin-dentin bonding interfaces, it was realized that a micro-morphologic characterization of nondemineralized unstained sections using TEM was necessary. Although the micromophologic aspects of the bonding regions could be better revealed with the use of stained sections, the authors preferred to process unstained sections so as to avoid the formation of nonspecific electrondense staining, located at the periphery of the collagen fibrils, as observed in a previous study using TEM sections.[@b11-dent6_p0349] This electron-dense staining could represent remnants of the proteoglycans and noncollagenous proteins that were retained within the collagen network after the acid conditioning of dentin,[@b25-dent6_p0349]--[@b26-dent6_p0349] and could be mistaken for the nanofillers of the adhesives. Without the interference of these stained "collagen adjuncts",[@b27-dent6_p0349] the study of the interaction between the adhesives and dentin was viable with the patent observation of the inorganic fillers. When associated with the SEM/EDS analysis, it can be affirmed that the structures distributed in the adhesive layer and inside the dentinal tubules at the bonding interface of OS and NT ([Figure 5b](#f5-dent6_p0349){ref-type="fig"} and [5c](#f5-dent6_p0349){ref-type="fig"}) are inorganic fillers from the adhesives. Likewise, the presence of nanofillers in the resin tags, adhesive layer and in the hybrid layer produced by SB2 ([Figure 5d](#f5-dent6_p0349){ref-type="fig"}, [6a](#f6-dent6_p0349){ref-type="fig"}, and [6b](#f6-dent6_p0349){ref-type="fig"}), could be confirmed.

The infiltration of nanofillers within the collagen fibrils is thought to be the main and decisive factor for the μ-TBS values reached by SB2. According to this concept, after light-curing, the treated nanofillers would bond with the resin matrix of the adhesive and thereby act as a strengthening element for the severely demineralized dentin, replacing the solubilized apatite filler crystallites. As a result, this structural condition would provide an improvement of the mechanical properties of the SB2-hybrid layer when compared with the hybrid layers produced by the other adhesives. This can partially explain the smallest incidence of cohesive fractures in the hybrid layer (Type III) observed with SB2, as demonstrated by SEM analysis of the failure modes after μ-TBS test ([Figure 2](#f2-dent6_p0349){ref-type="fig"}). Moreover, the higher percentage of cohesive failure in the adhesive (Type I) for SB2 ([Figure 2](#f2-dent6_p0349){ref-type="fig"}), suggests that the mechanical properties of the material was not improved and is in agreement with the results of previous study.[@b28-dent6_p0349] So, the condition of strengthening of the hybrid layer by nanofillers was reaffirmed to explain the increased bonding effectiveness.

As suggested by the interpretation of the results, the infiltration of inorganic fillers within the collagen fibrils is essential for the bond strength improvement. Therefore, to obtain this interaction form, three issues must be considered, as described by Tay et al[@b11-dent6_p0349] First, the fillers should be sufficiently small (nanofillers) to infiltrate within the interfibrillar spaces of the demineralized dentin, which are about 12 nm in width.[@b10-dent6_p0349] As well, the nanofillers must be physically and chemically stabilized to avoid aggregation/agglomeration during the storage and/or application of the bond solution, which creates micrometric structures called "clusters" that are too large to infiltrate collagen fibrils.[@b11-dent6_p0349] Second, as the molecular weight of the nanofillers and the resin monomers of the adhesives differ markedly, the resulting diffusion rate is dissimilar. This could preclude the complete infiltration of the nanofillers within the collagen fibrils, even if the interfibrillar spaces were maintained fully extended by the correct application of the wet-bonding technique.[@b29-dent6_p0349] Third, the infiltration of the nanofillers could be physically impeded by the presence of a hydrogel of residual ground substances, proteoglycans and noncollagenous proteins in the interfibrillar spaces of the demineralized collagen network.[@b27-dent6_p0349], [@b30-dent6_p0349]

Considering such premises, some considerations regarding the bonding systems analyzed in this study should be addressed. In relation to the inorganic portion of the adhesives, OS have fillers composed predominantly of barium aluminoboro-silicate and sodium hexafluorosilicate in the order of 0.4 μm. This dimension disables them from penetrating the nanometric spaces within the collagen fibrils to compose the hybrid layer. Consequently, they remain in the adhesive layer and at the initial portion of the dentinal tubules ([Figure 4b](#f4-dent6_p0349){ref-type="fig"} and [5b](#f5-dent6_p0349){ref-type="fig"}). This way, the particles form an inorganic-reinforced polymer network that may serve as a shock-absorbing layer of intermediate modulus of elasticity between the hybrid layer and the resin composite, in accordance with the elastic cavity wall concept of Kemp-Scholte and Davidson.[@b31-dent6_p0349] However, they assume irrelevant importance in terms of bond strength, which is in agreement with the results of other studies.[@b12-dent6_p0349],[@b22-dent6_p0349]--[@b23-dent6_p0349] The simplified-step bonding system, in spite of representing an operational simplification, needs complex chemical formulation to combine hydrophilic and hydrophobic monomers into a single bottle. Therefore, characteristics regarding the chemical balance of the adhesive, the organic solvent employed,[@b3-dent6_p0349] and operatory aspects for the bonding procedures as related to the degree of dentin moisture after acid etching, acquire larger relevance in terms of determining the bonding effectiveness.[@b32-dent6_p0349]

The nanofillers of the adhesives NT and SB2, are constituted of synthetic silica and produced by flame pyrogenic or sol-gel techniques, respectively.[@b33-dent6_p0349] The mean primary particle size ranged from 7 to 40nm for NT11 and 5nm (manufacturer's information) for SB2. In the case of the fumed silica used for NT, there is a natural tendency of the primary nanoparticles to aggregate/agglomerate forming branched and chainlike three-dimensional clusters as a result of internal interparticle van der Waal's forces. This electrostatic attraction forces are nearly 10[@b36-dent6_p0349] more intense than the gravitational force in the nanoscale.[@b34-dent6_p0349]--[@b35-dent6_p0349] According to the Derjaguim-Landau-Vermey-Overbeek (DLVO) theory, the control of the aggregation/agglomeration phenomena when preparing nanoparticles may be accomplished by the inclusion of surface modifiers, which provides electrostatic repulsion between the charged surfaces.[@b36-dent6_p0349]--[@b37-dent6_p0349] However, the tendency of the nanofillers to aggregate/agglomerate can be further intensified, as a result of the surface treatment. This can occurs due to the formation of silanol groups on the surface of the modified particles, resulting in hydrogen bridge linkages with adjacent particles[@b38-dent6_p0349] that impede their infiltration within the collagen fibrils. Another adverse condition for the infiltration of the nanofillers to compound the hybrid layer is the possibility of a hydrogen bridge formation between silica and amino acids moieties of the collagen. This possibility was based on the observation that similar interactions may occur among silica fillers, used as thickeners in acid conditioners, and proteins of the collagen network.[@b11-dent6_p0349],[@b39-dent6_p0349] In this case, the silica was retained on the top of the hybrid layer, even after thorough rinsing with water, as suggested by the [Figure 6](#f6-dent6_p0349){ref-type="fig"}.

To overcome these impediments, the manufacturers of dental materials, using the recent progresses regarding nanoscience and nanomanipulation, modify the surface of the nanofillers with a group of molecules known as silane agents. These molecules are bifunctional, containing alkoxysilane groups at one end, which react and covalently bond with the silanol groups, and methacrylate-functinality at the other, that are available for copolymerization with the resin monomers of the adhesive.[@b40-dent6_p0349]--[@b41-dent6_p0349] Thus, approximately 70% of the silanol groups on the surface of the synthesized nanoparticles were substituted with siloxane groups.[@b42-dent6_p0349] As a consequence, the nanofillers acquire a hydrophobic character, becoming more easily dispersed in colloidal solution,[@b40-dent6_p0349],[@b42-dent6_p0349] and remaining un-agglomerated as observed for SB2. Besides the physical-chemical stabilization, this surface modification allows the linkage between nanofillers and the resin monomers of the adhesives, forming "nanomers", which are constituted of nanofillers and organic components.[@b38-dent6_p0349]

Even after the treatment with silane, the nanofillers of the NT do not maintain the physical-chemical stability during the application of the material, forming clusters ([Figure 5c](#f5-dent6_p0349){ref-type="fig"}). As described by Tay et al,[@b11-dent6_p0349] the dispersion into individual primary particles was not observed, due in part to the incomplete chemical stabilization of the particles treated with silane, allowing the bonding with the residual hydrogen. Additionally, the destabilization of the electrostatic forces of the nanofillers may be intensified as a consequence of alterations in the pH, ionic strength and/or loss of the solvent. All of these variations can occur during the adhesive application, contributing to the nanofillers overcoming the critical radius for repulsion from the Stern's potential.[@b36-dent6_p0349],[@b38-dent6_p0349] Especially for NT, the loss of the acetone, a highly volatile compound used as a solvent, might also contribute to destabilization of the nanofillers. The incorporation of resin monomers in acetone is chemically complex, resulting in adhesives constituted of approximately 80% (volume) of solvent and only 20% (volume) of monomers.[@b43-dent6_p0349] With the acetone volatilization, this proportional relationship is severely modified, which can change the pH and the chemical interaction among the molecules, contributing for the destabilization of the electrostatic forces in the surface of the nanofillers. As a consequence, there is a reduction of the potential energy barrier of the silane and the nanofillers, which is closely approximate forming clusters. This way, the particles of NT carry out similar functions to the micrometric fillers present in other adhesives as, for instance OS, forming then an elastic cavity wall,[@b31-dent6_p0349] but failing to strengthen the hybrid layer.

In contrast with the previous case, the nanofillers of SB2 infiltrated within collagen fibrils to form the hybrid layer ([Figure 4d](#f4-dent6_p0349){ref-type="fig"}, [5d](#f5-dent6_p0349){ref-type="fig"}, and [6](#f6-dent6_p0349){ref-type="fig"}). Special characteristics acquired for these nanofillers during manufacture allowed them to stay uniformly dispersed, even during the application of the adhesive. The physical-chemical stability of these structures was probably obtained with an improvement of the surface treatment with silanes, after the primary particles of synthetic silica (5nm) were produced by sol-gel technique.[@b33-dent6_p0349],[@b42-dent6_p0349] Chaimberg et al[@b44-dent6_p0349] have reported that the amount of silane coupling agent chemisorbed on oxide supports differs drastically if changing the surface modification procedures. The type of solvents, pH, and amount of absorbed water on particles largely affected the chemisorbed content of silane.[@b33-dent6_p0349],[@b44-dent6_p0349] One example of improvement in the treatment of inorganic particles was recently described by Iijima and Kamiya,[@b45-dent6_p0349] who modified the surface of silica nanoparticles with slight amounts of additional pH controlled water. It was found that when 3-glycidoxypropyltrimethoxysilane was modified with the slight addition of acidic water, a relatively large steric repulsive force was measured with a colloid probe atomic force microscopy method, while the mixture modified with the slight addition of base water possessed a small steric repulsive force. Therefore, the authors of the present study consider that a similar approach could have been performed to provide larger reactivity between silane coupling agents and the surface of the nanofillers, resulting in a more efficient "chemical isolation". Moreover, the water/ethanol solvent employed for SB2 is less critical regarding the chemical stability of the adhesive.[@b46-dent6_p0349] The possible difficulty of the uniform infiltration of the nanofillers within the collagen fibrils due to its smaller diffusion rate compared with that of the resin monomers,[@b29-dent6_p0349] was not observed for SB2. The chemical stability reached by this adhesive, as described above, preserved the covalent bond formed between the nanofillers and the resin monomers by the silane. With the preservation of this primary chemical bond, the nanofillers were carried within the collagen fibrils bonded with the organic portion of the adhesive. Thus, the difference in the diffusion rates assumes irrelevant importance for this aspect.

The presence of the nanofillers may transpose biophysical barriers, which are formed in the course within the collagen fibrils, to reach the whole extension of the hybrid layer. The organic matrix of the demineralized dentin as substrate for the adhesion is considered, in general, a network matrix mainly composed of collagen fibrils sustained by the water. Inside this structure, residual substances such as proteoglycans and noncollagenous proteins were also identified.[@b27-dent6_p0349], [@b30-dent6_p0349] It was observed that after dentin demineralization, just a part of the complex of noncollagenous proteins is solubilized and extracted by the tissue for the water rinsing. The other portion is grouped together to form a dense population of granules, with approximately 1.5 to 2 nm of diameter, along the collagen fibrils.[@b47-dent6_p0349] In spite of these physical barriers, there is enough space for the movement of the dispersed nanofillers within the interfibrillar spaces, which are about 12 nm in width.[@b10-dent6_p0349] As the physical-chemical stability of the nanofillers was not disordered, chemical interactions with the remaining proteoglycans, although highly loaded for polianions, was inhibited. For these reasons, the nanofillers of SB2 were able to infiltrate the whole extension of the hybrid layer.

The presence of nanofillers in the hybrid layer enables the concept of strengthening of the dentin that has been extensively demineralized by the acid etching. This innovation is a result of the improvement in nanomaterials preparation that has been performed in the last years and point to a new direction for the adhesive systems. The development of the nanoscale science is still in an early stage and it is expected that further applications will appear for dental materials in the near future.

CONCLUSIONS
===========

Within the limitations of this study, it can be concluded that:

The infiltration of nanofillers within the interfibrillar spaces of the etched dentin strengthens the hybrid layer, improving the bonding effectiveness.

The authors are grateful to Mr. Adriano Luis Martins and Mrs. Eliene Aparecida Orsini Narvaes for technical support. This study was supported, in part, by grants from CAPES (P.I. Vinicius Di Hipólito).

![Schematic representation of the specimen preparation for SEM and EDS analysis. (a) The occlusal enamel of the molar crown and the root portion were sectioned. (b) Two parallel sections were made on the remaining tooth. (c) The adjacent flats of dentin of the discs were each treated with the same bonding system. (d) A "sandwich" block of dentin-resin-dentine was made, laminating the disc-pairs with a low viscosity resin. (e) The block was mesio-distally sectioned producing 2 bonding interfaces in each half-block.](DENT-7-352-g1){#f1-dent6_p0349}

![Graphed presentation of proportional prevalence of fracture modes for the adhesives evaluated.](DENT-7-353-g2){#f2-dent6_p0349}

![Representative SEM secondary electron image showing the micro-morphologic aspect of the bonding region produced by the adhesive systems Adper Single Bond (a), OptiBond Solo Plus (b), Prime & Bond NT (c) and Adper Single Bond 2 (d) with dentin. All of them formed authentic hybrid layers with 4-5μm-thick (between white arrows) and resin tags (T) distributed along the interface. The hybridization process extended down to tubular walls, providing a morphologic aspect similar to the hybrid layer at the initial portion of some resin tags (asterisk). Lateral branches, which correspond to the secondary tubules, could be seen in some resin tags composed with Prime & Bond NT ( ![](dent6_p0349i1.jpg)). The hybrid layer formed by Adper Single Bond 2 showed an atypical granular aspect, and round grains ( ![](dent6_p0349i2.jpg)) could be observed in the medium third of some resin tags. Globular structures with 3--5μm-diameters, which were probably formed by the grouping of small "vesicles" of polyalkenoic acid ( ![](dent6_p0349i3.jpg)), can be observed in the adhesive layer (AD) of SB2. Microfillers (➝) of the resin composite (RC) could be identified in some sections.](DENT-7-353-g3){#f3-dent6_p0349}

![Representative SEM backscattered electron image of the EDS analysis of specific points selected at the resin-dentin interfaces formed by the adhesives evaluated. (a) Adper Single Bond (selected point 2) -- the hybrid layer (HL) showed calcium as the main chemical element, followed by the phosphorus. Chlorine and oxygen were detected in reduced amounts; (b) OptiBond Solo Plus (selected point 3) -- calcium and phosphorus were predominant at the initial portion of resin tag (T). Silicon is detected in expressive amount. Chlorine and oxygen were minimally identified; (c) Prime & Bond NT (selected point 2) - calcium and phosphorus were predominantly detected at the HL. Sodium and oxygen were detected in reduced amounts. No signal for silicon was detected; (d) Adper Single Bond 2 (selected point 2) - the HL was predominantly constituted of calcium, followed by phosphorus. Silicon is detected in expressive amount. Weak signal of oxygen and sodium were detected. Carbon was detected in all the sections. (RC) -- resin composite; (AD) - Adhesive layer; (D) -- Dentin.](DENT-7-354-g4){#f4-dent6_p0349}

![Representative TEM image showing nondemineralized unstained sections of the bonding regions formed by the adhesives studied with dentin (D). (a) Adper Single Bond, (b) OptiBond Solo Plus, (c) Prime & Bond NT, (d) Adper Single Bond 2. Each of them formed uniform hybrid layers (HL) of approximately 5μm-thick. The microfillers of the OptiBond Solo Plus are patently in the adhesive layer (AD) and in the initial portion of the dentinal tubules ( ![](dent6_p0349i4.jpg)). Prime Bond NT exhibited nanofillers in AD and infiltrated into the dentin tubules (asterisk), where they aggregate/agglomerate, forming clusters ( ![](dent6_p0349i2.jpg)). The nanofillers of Adper Single Bond 2 were uniformly distributed in AD and inside dentinal tubules ( ![](dent6_p0349i4.jpg)), composing resin tags (T) with inorganic material. They can also be identified in the HL in a non-agglomerated status, however less concentrated than in the other regions. (PLF) - Flowable resin composite Clearfil Protect Liner F; (PAA) -- Polyalkenoic acid.](DENT-7-354-g5){#f5-dent6_p0349}

![Representative TEM image showing nondemineralized, unstained sections of the hybrid layer produced by Adper Single Bond 2. At 8.000X (a) and 20.000X (b) magnifications, it becomes possible to better distinguish the nanofillers dispersed in the hybrid layer (HL). Some micrometric structures ( ![](dent6_p0349i4.jpg)), which are probably fillers used as thickener for the phosphoric acid etcher, were retained on the top of the hybrid layer. (AD) -- Adhesive; (D) -- Dentin. (T) Resin tags; (PAA) -- Polyalkenoic acid. (OP) - Odontoblast process.](DENT-7-354-g6){#f6-dent6_p0349}

###### 

Materials used in this study.

  **Adhesive Systems**                                   **Components**                                                                                                                                                           **Batch number**   **Manufacturers' Recommended Protocols**
  ------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------ --------------------------------------------------
  **Adper Single Bond (3M ESPE, St. Paul, MN,USA)**      Bis-GMA, HEMA, dimethacrylates, methacrylated polyalkenoic acid, copolymer, initiators, water and ethanol.                                                               20000630           a (15s); b (10s); c; d; h (5s), i (10s)
  **OptiBond Solo Plus (Kerr Corp. Orange, CA, USA)**    Bis-GMA, HEMA, GPDM, initiator, ethanol, fumed silica, barium aluminoborosilicate and sodium hexafluorosilicate.                                                         14088              a (15s); b (10s); c; e (15s); h (3s); i (20s)
  **Prime & Bond NT (Dentsply Caulk, Milford, DE)**      UDMA, PENTA, R5-62-1 resin, T-resin, D-resin, butylated hydroxitoluene, EDMAB, cetylamine hydrofluoride, initiator, stabilizers, acetone and fumed silica nanofillers.   306000197          a (15s); b (10s); c; f; g (20s); h (5s); i (10s)
  **Adper Single Bond 2 (3M ESPE, St. Paul, MN, USA)**   Bis-GMA, HEMA, dimethacrylates, methacrylated polyalkenoic acid, copolymer, initiators, water, ethanol and silane-treated silica nanofillers.                            100076             a (15s); b (10s); c; d; h (5s), i (10s)

Abbreviations: Bis-GMA: bisphenol-glycidyl methacrylate; HEMA: 2-hydroxyethyl methacrylate; GPDM: glycerol phosphate dimethacrylate; UDMA: Urethane dimethacrylate; PENTA: phosphonated penta-acrylate ester; EDMAB: Ethyl 4-dimethyl amino benzoate. Application techniques -- a: acid etching; b: rinsing; c: excess moisture removed from the preparation using a cotton pellet; d: application of two consecutive coats of adhesive; e: aplication of one coat of the adhesive; f: application of three consecutive coats of adhesive; g: the surface should remain fully wet; h: gently air-drying; i: light-cure.

Note: The brand name of Adper Single Bond 2 is used in Latin America and Oceania, while Adper Scotchbond 1 XT is used in Europe, Adper Single Bond Plus in the USA and Adper Single Bond 1 XT in South Africa.

###### 

μTBS means (±SD) in MPa for the adhesives evaluated.

  **Adhesive Systems**   **Adper Single Bond**   **OptiBond Solo Plus**   **Prime & Bond NT**   **Adper Single Bond 2**
  ---------------------- ----------------------- ------------------------ --------------------- -------------------------
  Bond Strength          34.68 ± 7.61b           33.33 ± 5.64b            28.59 ± 7.08b         42.64 ± 11.44a

Means indicated by different letters are significantly different at P\<.05; n=25 per group.
